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SATELLITE REFRIGERATION STUDY 
1. 0 Introduction 
This report i s  a review and analysis of the state-of-the-art of 
miniature refrigeration. 
NASA Goddard Space Flight Center as an effort to determine present 
availability of a low temperature refrigeration system for satellite 
mounted infrared sensor cooling. 
a brief review of possible thermodynamic systems is made. 
The work was performed at  the request of 
To provide background for the analysis, 
The analysis deals with both open and closed cycles and 
components. It outlines fundamental problems, some of which a r e  a 
function of the size of the component. 
predictions may be made a s  to the possible application of the various 
systems. 
the progress  made by these companies, and to discuss technical details 
and objectives. 
On the basis of this analysis, 
A number of organizations were visited in order to evaluate 
A separate section deals with the subliming refrigerator, which 
basically consists of a storage dewar filled with a solid cryogen. A 
review of the state-of-the-art indicates that up to the present, little 
work has been done by industry. Fundamentally, the subliming refrig- 
e ra tor  appears very attractive for use in a satellite because of the zero 
power requirements and the high reliability which may be expected. 
state-of-the-art in cryogenic engineering is sufficiently advanced to 
permit  the construction of a reliable subliming refrigerator with the 
expenditure of moderate amounts of money and time. 
for some of the mechanical refrigerators now under development. 
The 
This is not true 
2. 0 Mechanical Refrigerators 
A considerable effort is underway in development of miniature 
refrigeration equipment for applications similar to the one required 
for  the Nimbus satellite. 
Department of Defense, and more specific information about the various 
program i s  given under the description of efforts by individual com- 
panies (submitted as a - separate report). 
Most of this work has been sponsored by the 
Fundamentally, low temperature refrigeration requires an 
effort in te rms  of work to remove heat from a low temperature and 
reject this heat to the surroundings at  a higher temperature. The 
highest thermodynamic efficiency, expressed as a ratio of work to 
remove heat and the amount of heat removed, is that of the Carnot cycle. 
The Carnot cycle efficiency is expressed as follows: 
W T1 - T2 
Q *2 
- =  
where W is work required to remove an amount of heat Q from a 
temperature of T 
In the case of refrigeration at  a temperature level of 75°K with sur -  
roundings at  a temperature level of 300"K, the ratio is 3, i. e . ,  one 
watt of refrigeration requires at  least  3 watts of work. 
1' and reject i t  to surroundings at a temperature of T 2 
In large refrigeration systems, it has been possible to obtain r e -  
frigeration with an efficiency of about 30 percent of the Carnot efficiency. 
However, in small systems it i s  impossible to reach o r  even approach 
this degree of efficiency because of several  reasons. 
systems with rotating o r  reciprocating pa r t s  exhibit friction which does 
not reduce proportionally with the size of the equipment. 
Mechanical 
Heat gain 
2 
through insulation becomes relatively large because the volume of the 
system reduces by the third power of the linear dimension, while 
surface a rea  reduces by a second power of the l inear dimension. 
In addition to the above mentioned sources of inefficiency common 
to all mechanical systems, individual systems will  have thermodynamic 
inefficiencies dependent on the particular process  used. 
a relatively simple process  for refrigeration is a Joule-Thmnson 
process  which has only a compressor, with moving pa r t s  operating at  
300°K. 
the process  i s  reasonably reliable, However, the thermodynamic 
efficiency of the cycle i s  very low, and consequently, a large amount of 
power is required to remove heat from the low temperature level. 
Fo r  instance, 
Since the compressor is the only component with potential wear, 
Another inefficiency, dependent on the particular cycle used, is 
the irreversibil i ty of heat exchangers. 
ideally with a zero degree temperature differential. 
tion, minimum heat exchanger loss is experienced and the amount of 
refrigeration made available by either expansion engine o r  Joule- 
Thomson expansion process may be used entirely for removal of heat 
a t  the desired temperature level. 
temperature differential, some refrigeration i s  required to overcome 
this temperature difference, thus reducing the refrigeration available 
a t  the desired temperature level. 
of working fluid is small, the influence of the temperature difference 
of the heat exchangers becomes larger. For  this reason, centrifugal 
expansion engines with a low expansion ratio require extremely good 
and relatively large heat exchangers to reduce the net effect of heat 
exchangers inefficiency. 
A heat exchanger will perform 
Under this condi- 
If the heat exchanger has a finite 
If the refrigeration provided pe r  unit 
3 
2. 1 Refrigeration Cycles 
There a r e  three basic cycles employed in mechanical 
refrigerators to provide refrigeration at low temperatures. 
the processes i s  described in detail below, and the fundamental advan- 
tages and disadvantages a r e  discussed. 
Each of 
2. 1. 1 Joule-Thomson Cycle 
Figure 1 shows the basic schematic for the Joule- 
Thomson (J-T) cycle. 
Linde or Hampson Cycle. A compressor circulates the process  fluid. 
Depending on the gas used, a discharge pressure  up to 1000-2000 psig 
may be required. 
exchanger and expands through an orifice. 
operation, the gas liquefies partially upon expansion. Non-condensed 
vapor, and vaporized liquid, returns through the heat exchanger to the 
comp r e s so r. 
This cycle is often referred to as a Simple 
The high pressure  gas passes  through a heat 
Aftei reaching steady state 
The Joule-Thomson expansion process  results in 
cooling and liquefaction of the gas only when the temperature of the high 
pressure  gas  a t  the warm end of the exchanger is below the inversion 
point. If the temperature i s  above the inversion point, heating of the 
gas would occur upon expansion. Since the inversion temperature of 
hydrogen and helium i s  well below ambient temperature, the simple 
Joule-Thomson process will not provide the desired refrigeration 
unless precooling of the gas is accomplished. 
Thermodynamically, the cycle is inefficient since 
no external work i s  performed by the gas in providing refrigeration. 
Reliability is coupled with compressor performance. With reliable 
compressor, the refrigerator will perform continually with very  little 
maintenance. Fo r  a non-lubricated compressor,  only loss  of process  
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Figure 1 .  Joule -Thornson Refrigeration Cycle 
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gas  from the system can cause deterioration of performance. h p u r i -  
ties in the process gas  caused by outgassing of warm components wil l ,  
in general, not cause plugging of the heat exchanger. 
2. 1.2 Brayton Cycle 
Figure 2 shows the basic Brayton cycle. A com- 
pressor  circulates gas  to an expansion engine through a heat exchanger. 
The expanded gas  provides refrigeration and returns through the heat 
exchanger to the intake of the compressor. 
The compressor and the expander may be of the 
reciprocating o r  rotating type. In general, rotating machinery i s  more 
reliable than reciprocating machinery through the absence of rubbing 
par ts  and valves. 
and expander normally is limited to a relatively low pressure  ratio. 
The low pressure ratio provides a small amount of refrigeration per  
unit of process fluid circulated. 
tively large and performance of the exchanger is of great significance. 
However, a cycle consisting cf a rotating compressor 
Therefore, heat exchangers a r e  rela- 
Over-all thermodynamic efficiency of the process 
can be quite good, but i s  a function of the efficiency of individual 
components. 
2. 1. 3 Stirling Cycle 
Figure 3 shows the process for a Stirling cycle. 
Two cylinders a r e  interconnected by means of regenerator and heat 
exchangers. 
in volume of the cylunder operating at ambient temperature lags that of 
the low temperature cylinder by approximately 90 deg. 
The cylinder volumes increase and decrease; the change 
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Figure 2. Brayton Refrigeration Cycle 
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Figure 3. Stirling Refrigeration Cycle 
cylinder operating at low temperature i s  a t  maximum volume, the 
cylinder operating at ambient temperature is still  90" away from 
maximum volume, but approaching maximum volume. 
An analysis of the cycle indicates that, in principle, 
refrigeration may be obtained with the Carnot efficiency. 
the cycle is fundamentally as efficient as the cycle described under 
2. 1. 2. 
In practice, 
The physical embodiment of the Stirling cycle 
consists of reciprocating machinery with the absence of valves. In one 
particular arrangement, the so-called displacer type (Ref. 18, 26, 40), 
only one of the two pistons must be sealed, since the other piston has 
become a displacer moving gas from the cold cylinder to the warm 
cylinder and vice versa. 
communication with each other through heat exchangers and regenerator, 
very little pressure  difference exists a t  any time between the two 
cylinders. As a consequence, the tolerance between cylinder wall and 
displacer piston is not critical. 
Since cold and warm cylinders a r e  in open 
Refrigeration i s  generated in the cold,or expansion 
cylinder,and heat from the source to be refrigerated i s  taken up in the 
heat exchanger separating the cold cylinder and the regenerator. 
is rejected to ambient temperature in the heat exchanger separating the 
warm cylinder and the regenerator. 
Heat 
Reliability of the refrigerator i s  a function of the 
mechanical reliability of the compressor and the expander, o r  in the 
displacer-type machine, of the compressor. Therefore, the displacer- 
type Stirling cycle is about a s  reliable a s  a simple Joule-Thomson 
cycle as described under 2. 1. 1. 
9 
2 . 2  Process  Components 
Major components used in the three cycles described above 
are the following: 
Compr e s s o r  
Expander 
Heat exchangers 
Control system 
Orifice o r  capillary 
2. 2. 1 Compressors 
Compressors may take various forms ,  but the 
main classifications a r e  either rotary o r  reciprocating. 
reciprocating compressors,  i t  is possible to distinguish between one o r  
more  compression stages. 
under 2. 1. 1 requires reasonably high p re s su res  in order  to obtain 
refrigeration. Fo r  this reason, compressors  used for  the Joule- 
Thomson cycle a r e  normally mulit- stage machines with relatively high 
compression ratio per  stage. 
the miniature refrigerator is considerably higher than that of similar 
compressors having very large flow rates .  The use of high compression 
ratios is made possible through the relatively large ratio of surface a r e a  
to volume for  the compressor cylinder. 
more  nearly isothermal due to heat t ransfer  with the surface. 
favorable heat transfer condition only serves  a function if  the heat can 
be dissipated from the cylinder and piston. 
In the case of 
The Joule-Thomson(J-T) cycle described 
The compression ratio pe r  stage for  
Compression of the gas i s  
The 
Since wear is closely 
10 
related with high temperatures of moving parts,  the life of a compressor 
with high compression ratios is inherently less  than that of a compressor 
with low compression ratios. 
The compressor used for the cycle described 
under 2. 1. 2 can either be rotating o r  reciprocating. In the case of a 
rotating machine, compression ratios will be low. In order to obtain a 
reasonable compression ratio and high efficiency, high speeds must be 
employed. Bearings, therefore, become of prime importance in the 
design, and for this reason, current development work is concentrated 
in this area. 
described under 2. 1. 2, a relatively low compression ratio may be used. 
When a reciprocating compressor is used for the cycle 
The compressor used for the Stirling cycle is a 
reciprocating machine with a low compression ratio. 
possible to reduce forces on the piston by means of maintenance of an 
average pressure  below the piston. 
Stirling cycle combines the features of low compression ratio and low 
speeds, and therefore is expected to show a good life expectancy. 
Experience with equipment built by various manufacturers confirms this 
fact. 
In fact, it is 
The compressor used for the 
2. 2. 2 Emanders 
Expanders are  either of the reciprocating o r  
rotating type. In the case of rotating expanders, the minature size 
requires high rotating speeds, and as a result, high speed bearings 
again a r e  the main problem area. 
operation of the expander proper, with ambient temperature operation 
of the bearings, introduces the problem of heat leak along the shaft. 
Operation of the bearings at low temperature has disadvantages, which 
in  general, appear to outweigh the advantages. 
The combination of low temperature 
11 
Because of the combination of mechanical and 
thermal problems, the over-all efficiency of the miniature rotating 
expander will not be extremely good. 
Reciprocating expansion engines do not have the 
It i s  possible to separate sarne problems a s  the rotating expanders. 
the mechanical support and bearing system from the cylinder and piston 
operating at low temperatures by means of rods of some length. 
ever, the reciprocating expander has other problems. 
valves a re  required. 
efficient thermodynamic performance of the expander possible. 
sealing of the piston in the cylinder also presents problems. In some 
expanders (for  instance those used in the Collin's Cryostat) sealing is 
obtained through extremely close tolerances between piston and cylinder. 
The close toleranc es  introduce the problem of maintaining extreme 
cleanliness of the system. 
How- 
For  instance, 
These valves a r e  timed and must seal to make 
The 
In general, i t  can be stated that the state-of-the-art 
of designing, constructing and operating miniature reciprocating expanders 
is further advanced than that of miniature turbine expanders. 
cause of fundamental problems and difference in experience, over-all 
thermodynamic efficiency of the reciprocating expanders has been better 
than that for rotating expanders. 
Also, be- 
The Stirling cycle also uses an expander. Depending 
on the configuration of the mechanical par t s  of the refrigerator,  this 
expander may take the form of a reciprocating machine as described 
above, o r  a displacer. 
gas  from one space to another, through a set of heat exchangers and 
regenerators. 
The displacer performs the function of moving 
A more detailed description of the action of the displacer 
can be found in Ref. 40. The advantages of the 
There is very little pressure difference across  
displacer a r e  obvious. 
the dieplacer and forces 
1 2  
therefore a r e  small. Also, because of this small p ressure  difference, 
sealing of the displacer in the cylinder is not a critical problem. 
additional advantage of the Stirling cycle is the absence of valves. 
An 
On the basis of the advantages described above, 
and the elimination of some problems, i t  can be anticipated that the 
over-all efficiency of the Stirling cycle, even in the miniature form, 
will be better than that of the other cycles described. Practical  ex- 
perience bears  out this anticipation. 
2. 2 . 3  Heat Exchangers 
Very little elaboration is required concerning heat 
exchangers for all cycles presently under discussion. 
miniature heat exchangers can be built for all cycles described. 
practice, these efficient exchangers have been built. However, size 
and weight limitations a r e  of major consideration for satellite require- 
ments. 
Very efficient 
In 
2. 2.4 Control Svstems 
In order to operate 
If excess control system is required. 
at  a constant temperature, a 
refrigeration i s  available, the 
temperature of the refrigerated device will be reduced. 
ture  will increase when insufficient refrigeration is provided. 
cally, the refrigeration provided i s  matched with the refrigeration load 
on the system. 
of which will maintain high thermodynamic efficiency. 
The tempera- 
Basi- 
Control can be performed in a number of ways, several  
The easiest but most inefficient method for a 
miniature system is the supply of additional heat from an external 
source. 
Each particular cycle must be analyzed to determine the best method 
for  controlling refrigeration output. 
Fortunately, more efficient control systems a r e  possible. 
13 
For  the Joule-Thomson cycle, control of the 
temperature at which refrigeration is  provided is  exercised through 
selection of the process  gas  and the pressure  at which the liquid 
vaporizes. 
of gas circulated through the system and the high pressure  level. 
The quantity of refrigeration is  determined by the quantity 
Control of temperature with the Brayton cycle may 
be exercised through control of the quantity of gas  which is circulated. 
Excess gas can be stored in  a reservoir  f rom where it can be returned 
to  the cycle when required. 
compression and refrigeration provided by the expander. 
Removal of g a s  reduces both work of 
The Stirling cycle refrigerator output may be con- 
trolled in the same manner as the Brayton cycle. 
2. 2. 5 Orifice o r  capillarv 
Only the Joule-Thomson cycle requires an orifice 
o r  capillary to reduce the high discharge p res su re  of the compressor  
to the l ow p r e s s u E  of the liquid reservoir.  Fo r  a miniature s y s t e m i t  
normally is advisable to combine the high p res su re  passage of the heat 
exchanger and the orifice which represents the Joule-Thomson valve. 
The combination then, is a capillary tube through which the p re s su re  
drop is  taken over the full length of the tube. 
2. 3 Conclusions 
The general discussion on mechanical refrigeration systems 
leads to the following preliminary conclusions : 
a. The Stirling cycle miniature refr igerator  is anticipated 
to  have the highest over-all  thermodynamic efficiency. 
b. The Stirling cycle miniature refr igerator  i s  anticipated 
to have the highest mechanical reliability. 
14 
c. The Brayton cycle miniature refrigerator is anticipated 
to have the smallest unbalanced forces  and to provide 
operation practically f ree  from vibration. 
2 . 4  Review of state-of-the-art 
A number of organizations were contacted and visited to 
discuss the state-of-the-art of miniature mechanical refrigeration 
equipment, 
each organization is reported separately. 
A detailed discussion and evaluation of the effort made by 
1 5  
3. 0 Subliming Refrigeration 
3. 1 Basic principle 
In the basic refrigerator, cooling is provided by a mass of 
solidified cryogeli, which sublimes slowly through the supply of heat 
from the refrigerated object and from the surroundings. 
liming refrigerator, therefore, is a modification of a simple storage 
container, filled with a cryogenic liquid which evaporates. 
the advantages of using solid as compared to liquid as a refrigerant 
a r e  as follows: 
The sub- 
Several of 
a. For  a certain volume, the mass  of solid is larger  than 
the mass  of liquid stored, assuming that the actual density of the solid 
can be obtained. 
b. The total quantity of refrigeration available i s  some- 
what larger since heat of sublimation is  greater than the heat of 
vaporization. 
c. For  space applications, the problems associated with 
zero gravity a r e  reduced o r  eliminated through the use of a solid. 
d. For  a given cryogen, refrigeration is available at a 
lower temperature when in the solidified form. 
3. 2 Basic problem areas  
a. A primary problem of the storage container used for  
the subliming refrigerator is obtaining adequate insulation. 
able in the literature (Ref. 4 3 - 4 8 )  indicate that the so-called super 
insulations o r  multiple-layer insulations a r e  sufficient to make it 
possible to design, in principle, a relatively small  container which will 
hold the solidified cryogen for a number of years. 
Data avail- 
16 
A major difficulty with mulitple-layer insulation i s  i t s  
physical application. It i s  usually necessary to have pipes, supports 
or  other penetrations of the insulation surrounding the inner container. 
It has been proven that discontinuities in the insulation can provide a 
large deterioration factor for the over -all performance of the insulation. 
It wi l l  be necessary therefore, to limit penetrations through and dis- 
continuities of the insulation. 
l 
b. It will be necessary to study the method by which the 
A potential method to be inner container will be filled with the solid. 
used is to f i l l  the container with liquid and to slowly cool and freeze 
this liquid while adding more liquid as necessary. 
cryogenic liquids have been solidified by use of a vacuum pump to 
reduce the vapor pressure  below the triple point. 
i s  very simple, it does not result in obtaining a solid with a high 
apparent density. 
fraction of the liquid has to be vaporized to provide cooling for the 
solidification of the remainder of the liquid. 
that an external o r  separate cooling circuit should be used. 
Heretofore, 
Although this method 
The resulting solid is  porous since a considerable 
It appears, therefore, 
c. Conduction of heat f rom the refrigerated source to the 
solidified cryogen and uniform temperature distribution must be con- 
sidered carefully. In the case of an  infrared detection cell it is desir-  
able to have close physical coupling between the sensor and the source 
of refrigeration. 
dissipated in the solid without generating large temperature gradients. 
The physical arrangement must allow the heat to be 
d. 
present  serious problems. 
may be required. 
Temperature control of the refrigerated object may 
Pressure  control of the subliming solid 
17 
e. In addition to the major problem areas  listed above, a 
large number of minor problems exist. These are ,  for instance, the 
suspension and shock resistance of the inner container and the main- 
tenance of the solid while the subliming refrigerator is in the earth's 
atmosphere. 
be readily solved for a specific application. 
Most of these problems a r e  of a practical nature and can 
3. 3 Conceptual design 
To demonstrate feasibility, advantages, disadvantages, and 
problems associated with the subliming refrigerator,  practical cases 
will  be investigated and a conceptual design of a subliming refrigerator 
wi l l  be presented, The assumptions a r e  a s  follows: 
a. Temperature of surroundings -300°K 
b. 
c. 
d. Infrared sensor a rea  - 0. 2 cm 
Duration of refrigeration - 3 years and 1 year 
Refrigeration temperature - 70°K and 50°K 
2 
Refrigeration must be supplied to the infrared sensor at 
a continuous and constant rate. 
been estimated to be 8 milliwatts. 
computed for  black body thermal radiation assuming that the electrical 
energy dissipated in the sensor is negligible. 
From the above assumptions this has 
The required refrigeration has been 
Figure 4 indicates the concept of the subliming refriger- 
ator. 
use of two different solid cryogens, one of which is providing refriger- 
ation at  the desired temperature level; the other is used to shield the 
lower temperature cryogen from heat penetrating the insulation of the 
system. 
The basic feature of the refrigerator under consideration is the 
18 
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Figure 4. Argon-CO Subliming Refrigerator 2 
Selection of the shielding Solid, subliming at  a higher 
temperature, may be based on properties which will yield advantages 
with regard to the over-all design of the system. 
properties of various fluids listed in Table 1 shows that CO has a high 
density and a high heat of sublimation on both a volume and weight 
basis. 
of 
82°K. 
insulation for a solid refrigerant operating at the lower temperature. 
A study of the 
2 
When the subliming refrigerator is operating at a vapor pressure  
mm Hg, the temperature of the solid CO 
A shield maintained at  this temperature provides excellent 
will be of the order  of 2 
A wide choice of refrigerants is available to provide 
cooling of the infrared sensor. 
troller,  a wide range of temperatures can be maintained. 
when Argon i s  used in the solid form, maintenance of the vapor pressure  
of the solid at 516.84 mm Hg will  provide a temperature of 83.8"K. 
the vapor pressure is controlled at  10 
28. 5°K may be obtained. 
Through the use of a pressure  con- 
F o r  instance, 
If 
-7 mm Hg, a temperature of 
The system Argon-CO has the following advantages for a 2 
space borne subliming refrigerator. 
a. The high heat of sublimation on a volume and weight 
basis, allows minimum dimensions. 
b. Since CO is in the solid form when under atmospheric 2 
pressure,  the container in which the CO 
a pressure vessel either in the earth 's  atmosphere o r  in  space. 
is stored does not have to be 2 
c. The temperature of solid CO at atmospheric pressure  
A shield of this temperature provides adequate insulation 
2 
is 194. 7°K. 
for  the Argon stored in the inner container of the device during the 
relatively short period in the earth 's  atmosphere. 
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d. The solid CO may be insulated from ambient with 
2 
multiple-layer insulation without vacuum in the earth' s atmosphere. 
Although the rate  of heat conduction through the insulation will be rel -  
atively high, the exposure time will be short. 
weight shell separating the insulation and the solid CO 
A s  a result, a light 
may be used. 2 
e. Argon and CO may be solidified through the use of 
Since Argon in the 
2 
liquid nitrogen boiling at atmospheric pressure.  
solid form has a high thermal conductivity, rapid freezing with the use 
of a simple system may be anticipated. 
f. The high thermal conductivity of Argon is helpful in 
the dissipation of heat from the infrared sensor. 
g. It i s  not necessary to provide multiple-layer insulation 
between the CO cooled shield and the Argon container. 
2 
h. C 0 2 ,  Argon, and nitrogen a r e  all inert  gases and require 
no special safety considerations at the launch facility. 
2 2  
3. 4 Design calculations 
3.4. 1 Subliming refrigerator - Figure 4 and Figure 5 
Details of the conceptual design for  the refrigerator 
configuration shown in the figure a re  summarized in column one of 
Table 2. A sensor temperature of 70°K and a refrigeration time of 
three years  was selected as the basis for  calculation. 
The cooling channels (stainless steel  tubes 0. 1875 
inch 0.D.x 0. 005 inch wall) provided within the vessel  allow the refrig- 
erants  to be solidified at the temperature of liquid nitrogen (78°K). 
The final temperature of the Argon refrigerant is not obtained until 
after launch where further reduction in the vapor pressure  can be 
achieved by the environment. 
have, therefore, been computed at a density correspbndiiig tzl 78°K. 
The volume occupied by the refrigerants 
The ultimate temperature of the CO system will 
2 
depend on the orbital altitude, since i t  is in open communication with 
the environment. At a pressure  of 10 mm Hg, corresponding to 
approximately 100 mile altitude, the equilibrium temperature is  83°K. 
There is no requirement f o r  a pressure control. 
lations assume a temperature of 90°K for the CO 
-7  
The present calcu- 
2' 
It was assumed that the inner container surrounding 
the Argon refrigerant was composed of a cylindrical portion (L = D) and 
2 hemispheres. 
the inner container. 
to be copper with a thickness of 0. 010 inch except fo r  the shell surround- 
the Argon insulating vacuum space. 
s t r e s s  of an external load of one atmosphere, it was necessary to select 
a higher strength material .  
(304, 316) with a wal l  thickness of 0. 024 inch would be adequate. 
Spacing of the larger  shells were made concentric to 
The material for the container walls was selected 
Since this shell must  withstand the 
Calculations indicated that stainless steel 
Both 
2 3  
Table 2 - Subliming Refrigerator Characteristics 
Figure 4 Figure 7 
Sensor Requirements 
Temperature - OK 70 50 
Duration- years 3 1 
Heat load -mw 8 8 
w-hrs 210 70 
Ref rigerator 
P r i m a r y  Refrigerant Argon Argon 
Container Geometry 
293 94 Volume -in 
Surface a r e a  - in. 242 110 
Dimensions-in. 6. 2D x 12. 4 4. 17D x 8. 34 
Weight- 
3 
container -1b 1. 0 0. 6 
refrigerant-lb 17. 4 5. 3 
total - lb 18. 4 5.9 
Insulation HV* - 
Heat T ran sf e r 
Sensor-mw 8 8 
Sensor support-mw - - 
Supports-mw 1.94 1. 77 
Radiation - m w 3. 88 2. 74  
Fill and vent tubes- 2. 06 1. 25 
mw 
To tal - m w 15.88 13. 76 
w-hrs 418 121 
Figure 7 
70 
1 
8 
70 
Argon 
8 0  
100 
Figure 8 
50 
1 
8 
70 
Argon 
910 
500 
4. OD x 8. 0 9D x 18 
0. 5 2. 0 
4. 5 2 .  67 
5. 0 4. 67 
- H V  
8 8 
- 5 
0. 95 1. 36 
1. 92 10 .4  
0. 69 8. 25 
11.56 33 
101 289 
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Table 2 - Subliming Refrigerator Characterist ics (continued) 
c02 Secondary Refrigerant 
C ont aine r Geometry 
Volume-angular 
space -in 
Dimensions 
0. D.-in 
I. D. -in 
Weight- 
container -1b 
ref rigerant-lb 
total- l b  
Insulation 
T w e  
Weight -1b 
2 68 
8D x 15.8 
7. 2D x 13.4 
3. 56 
16. 0 
19. 56 
ML* 
4. 0 
Heat transfer-mw 53 
w-hrs 1395 
Overall Geometry 
Dimensions-in 12.1Dx 20. 3 
Weight -1b 42. 0 
Shield c02 c02 
97. 3 100 
6. 25D x 10.4 
5. 17D x 9.34 
1.45 
5.4 
6. 85 
ML 
1. 93 
55 
48 2 
7. 0 
ML 
2. 0 
10D x 20 
5.4 
ML 
6. 2 
9.85D x 14. 0 14. 5D x 24. 5 
14. 63 14. 0 16. 3 
* HV-high vacuum, ML-multiple layer 
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metal surfaces surrounding the high vacuum annulus must be highly 
reflective to provide a low emissivity. 
Mylar was selected as the material  for  the outer 
The adaptability of shell surrounding the multiple-layer insulation. 
mylar  for applications of this nature has been successfully demon- 
strated. While in the earth 's  atomosphere, the multiple-layer insulation 
can be pressurized with 
no differential p ressure  
through the insulation i s  
ductivity of the CO g a s  2 
CO gas  at a pressure  of one atmosphere. Thus, 
exists across  the mylar.  
expected to be equivalent to the thermal con- 
-4  
(at O°C, k = 1. 28 x 10 
2 
The heat t ransfer  
w/cm OK). 
The high thermal conductivity results in a heat flux 
300 t imes greater  than multiple-layer insulation under high vacuum 
conditions (k = 3. 5 x 10 
than multiple-layer insulation under a compressive load of one atmos- 
phere. Nevertheless, it  is adequate for the present application be- 
cause of the short period of exposure time. The refrigerant can be 
retained before launch, without 10s s, by the circulation of liquid 
nitrogen through the cooling channels provided. 
p re s su re  in the multiple-layer insulation will decrease,  without need 
for controls, since the annulus is open to  the environment. 
-7 w/cm OK) and approximately 10 t imes greater  
After launch, the 
The weights given for  the containers include the 
estimated weights of supports, brackets,  and other required components 
not separately tabulated. 
The support system fo r  the inner shell is  composed 
of six Dacron cables o r  rods. 
favorable ratio of allowable s t r e s s  to thermal  conductivity as compared 
to metals and to other non-metallic mater ia l s  (Ref. 55). 
The choice of Dacron was based on the 
Three of the 
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C A M €  or ROD 
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Figure 5. Argon-GO Refrigerator - Inner Container 2 
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support members were computed on the basis of a 30 g loading during 
launch. The remaining three a r e  required for proper positioning, and 
a r e  computed on the basis of a 1 g loading. 
In considering the tabulated figures, it appears 
that a somewhat larger amount of insulation, o r  an improvement in the 
quality of the insulation, would reduce the over-all weight of the system. 
A reduction in the heat transfer through the insulation by a factor of 2 
will reduce the required CO by 8 pounds, but will increase the required 
quantity of insulation by approximately 6 pounds. 
parameter study of the system is required to a r r ive  at an optimum de- 
sign. The foregoing indicates what can be done in the design of a sub- 
liming refrigerator. It is suggested that a contingency factor of p e r -  
haps 10-15 percent be applied to the over-all weight of the subliming 
refrigerator. 
2 
A more  detailed 
A more  simple system is shown in Figure 6. A 
single container is equipped with a coil, through which liquid nitrogen 
may be forced. 
insulation. 
penetration through the insulation allows radiation to pass.  
The container is surrounded with a few inches of super 
The sensor is located at  one end of the container and a 
To provide refrigeration for a period of three years  
a t  a temperature of approximately 8 5 - 9 0 ° K ,  CO 
container. 
CO 
layer insulation. P r io r  to launch only moderately good insulation is 
provided, which i f  desired can be improved through the use of liquid 
nitrogen. 
may be used to f i l l  the 
2 
The process of filling is  the same as described before. 
g a s  of one atmosphere pressure  is maintained in the multiple- 2 
2 8  
n /  I - R  DETECTOR 
Figure 6. C 0 2  Subliming Refrigerator 
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The advantages of the CO system of Figure 6 is  
2 4 
its extreme simplicity. 
eration requires l e s s  than 10 lbs of solid CO 
system wil l  be of the order  of 15 lbs. 
tageous for it's si,mplicity and low weight, the lowest temperature 
obtainable, in practice, would be approximately 85°K. This presents  
a severe limitation for  future applications. 
A period of three years  of continuous refrig- 
The total weight of the 2' 
Although the system is advan- 
3. 4. 2 Subliming Refrigerator-Figure 7 
An alternate arrangement f o r  the subliming refr ig-  
erator  is shown in Figure 7. 
ing the Argon container has been replaced 
liquid nitrogen provides the cooling necessary to solidify the refrig- 
erants and provides stand-by capabilities. At launch, the liquid 
nitrogen can be removed to reduce weight. 
connected to the environment, i t s  p ressure  will decrease as the alti- 
tude increases. In orbit, the vacuum of space is sufficient to provide 
effective insulation to reduce the heat transfer between the pr imary  and 
secondary refrigerants to design level. 
The high vacuum in the annulus surround- 
by liquid nitrogen. The 
Since the annulus is directly 
The alternate system provides additional simplicity 
Also, the in the design, fabrication and operation of the refr igerator .  
scheme offers a reduction in weight by eliminating the cooling tubes 
(also eliminates heat transfer associated with the cooling tubes) and by 
easing the requirement on the outer shell of the annulus. 
p re s su re  exists across  the outer shell of the annulus, allowing it to be 
of thinner material  (0. 010 inch copper). 
worthy of noting. 
has been eliminated, it is possible f o r  the re f r igera tor  to fit any desired 
shape, a cylindrical o r  spherical configuration is no longer essential. 
It would be possible to adapt the configuration to the particular satellite 
requirement. 
No differential 
One additional advantage is 
Since the need for  vacuum and p res su re  containers 
30 
ARGON 
INSULA T/ON 
Figure 7. Argon-CO Subliming Refrigerator - Alternate Design 2 
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Calculations have been performed for  estimating 
the requirements of the alternate subliming refrigerator.  
were considered. 
2. Both cases  have been considered for  a refrigeration period of one 
year;  one case having a refrigeration temperature of 50"K, the other 
70°K. 
of pr imary refrigerant required. 
Two cases  
The results a r e  shown in column 2 and 3 of Table 
The major saving in weight i s  provided by the reduced quantity 
. 
3.4. 2. 1 Problem a r e a s  
Several specialized problem a reas  become 
associated with the alternate subliming refrigerator.  
the following: 
These include 
a. Filling the CO container m a y  present difficulties due 
2 
to the large temperature difference between the solidification tempera- 
ture  of CO 
plugging the neck a rea  before the CO 
must  be avoided. 
the carbon dioxide vessel. It may be located at one end of the refrig- 
erator ,  with a possible reduction in weight through the elimination of 
par t  of the shell. Also, i t  may be possible to eliminate the shell alto- 
gether and to freeze the carbon dioxide directly in the adjoining multi- 
layer insulation. 
and the boiling point of liquid nitrogen. Any possibility of 2 
container is completely full 
2 
It is  not necessary to maintain the proposed shape of 
b. Lf the liquid nitrogen is  not removed pr ior  to launch, i t  
will boil violently upon reduction in p re s su re  and eventually freeze.  
effect on the emissivities of the surrounding walls must  be evaluated. 
Since the solid nitrogen will be at  a low temperature compared to the 
other refrigerants, i ts  presence may not be harmful. 
The 
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3.4. 3 Subliming Refrigerator-Solid Hydrogen 
The conceptual design of a subliming refrigerator 
using solid hydrogen as a single refrigerant is shown in Figure 8. 
Cooling the sensor is accomplished by the flow of cold effluent gas from 
the hydrogen container. 
from the refrigerator and mounted by means of a hollow stainless steel 
tube. 
streams, one of which goes directly to the sensor. 
this stream rejoins the other stream and both cool the vacuum shell and 
shield within the insulation. 
vapor pressure thermometer) attached to the sensor will control the 
division of flows to maintain a constant temperature. 
vapor cooled shieici is esseiltia? to the efficient operation of the unit 
because of the large temperature difference between the solid hydrogen 
and the environment (= 13. 5°K to 300°K) and the low heat of sublimation 
of the solid hydrogen. 
The sensor may be located at some distance 
The gas  from the solid hydrogen container separates into two 
From the sensor 
A thermometer (gas thermometer o r  
The intermediate 
The two cooled shields a r e  located within the multi- 
ple-layer insulation approximately one and two inches from the vacuum 
shell of the container. In the earth's atmosphere, the multiple-layer 
insulation can be maintained under a nitrogen gas atmosphere to elim- 
inate the need for a vacuum shell around the insulation, 
can be used to reduce the heat f l u x  to the solid hydrogen until launch of 
the vehicle. 
liquid and solidified by the circulation of liquid helium through the cool- 
ing coils provided, it is also possible to maintain the solid hydrogen on 
a no-loss basis pr ior  to launch. 
Liquid nitrogen 
Since the liquid hydrogen is  intended to be admitted a s  
The pressure maintained around the solid hydrogen 
An orifice in the hydrogen tube could suffice to maintain is not critical. 
the pressure  within predetermined limits. 
3 3  
CLOSURE N€CK 
MUL TIPLE- LA YER 
INSULA n o N  
VACUUM SHZLL 
VAPOR -COOLED \-/ VACUUM SPAC€ 
Figure 8. Hydrogen Subliming Refrigerator 
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To increase the amount of useful refrigeration, pa ra  
to ortho conversion of the effluent gas  must be accomplished at the heat 
sources. Suitable catalyst materials a r e  available for such application. 
The multiple-layer insulation is located around the 
vacuum shell. 
through the insulation, which i s  favorable in obtaining good over -all 
performance of the insulation. 
entering the refrigerator. 
It will be noticed that there is only one penetration 
The neck accommodates all tubing 
The design concepts for the refrigerator utilizing 
solid hydrogen are the same as  the previous cases  considered. 
results of calculations a r e  tabulated in column 4 of Table 2. 
noted that heat input to the sensor and connecting tube is removed by 
warming the hydrogen vapor and not by the heat of sublimation. The 
gas is evolved by the heat transfer through the container insulation. 
The 
It wi l l  be 
The vacuum shell separating the solid hydrogen 
container and the multiple-layer insulation must withstand an external 
pressure  of one atmosphere prior to launch. 
to be fabricated of stainless steel for higher strength. 
gen container is composed of 0. 010 inch thick copper. 
The shell has been assumed 
The solid hydro- 
3.4. 3. 1 Problem a reas  
a. The use of liquid and solid hydrogen intro- 
duces quite considerable safety problems, especially on and around the 
launch facility. 
m m  Hg and the system must be safeguarded from air leaking into the 
solid hydrogen container. 
Solid hydrogen has a vapor pressure  of less than 53 
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b. Filling of the refrigerator is accompanied by a 
number of handling problems. 
must be present on the launch facility. 
hydrogen, a very well insulated liquid helium system must be used. 
The heat of vaporization of liquid helium is very low, and poor insulation 
of the helium system will result in excessive use. 
Liquid nitrogen, helium and hydrogen 
To be able to freeze the liquid 
c. Analysis of the weight distribution of the hydro- 
gen refrigerator indicates that most of the weight of the refrigerator 
consists of metal and insulation. 
in a more optimum design with the possible saving of weight. 
Additional investigations would result 
d. Temperature control of the sensor is more 
complex. 
division of flow. 
A valve with variable orifice is required to maintain proper 
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4. 0 Comparison of C02 - A and H2 Subliming Refrigerator 
Table 3 compares the CO -A system shown in Figure 7 and the 2 
H subliming refrigerator. 
a minus, o r  a zero. 
and a zero indicates approximately equal value. 
The two systems a r e  rated with a plus, 2 
A plus indicates superiority over the other system, 
a. 
b. 
C. 
d. 
e. 
f. 
g* 
h. 
i. 
j. 
Table 3 
Weight 
Volume 
Reliability 
Accessibi?ity to detector 
T emp e r atur e cont r ol 
Temperature range 
Ease of manufacture 
Ground equipment for launch 
Vacuum requirements 
Length of development 
C 0 2 - A  
0 
t 
t 
- 
t 
- 
t 
t 
t 
t 
It appears for the cases considered, that the CO -A system is 
It should be noted that this is only the case 
2 
superior to the H system. 
in the temperature range which both systems can cover. 
below 30-35°K a r e  required, the CO -A system becomes unsuitable. 
2 
If temperature 
2 
On the important variables of volume and reliability, the C02-A 
system is superior. With respect to weight, it  may be noted that the 
CO -A system consists of approximately 70 percent of solid cryogen, 
while the H 
2 
system contains only 15 percent in  solid cryogen. 2 
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Because of the high density of solid C02  and A, the C 0 2 - A  system 
is always smaller in volume then a H Also, 
the CO -A system can be better adapted to spaces with odd dimensions. 
It is relatively simple to make square, rectangular o r  oval containers 
when vacuum requirements a r e  deleted. 
system for  the same duty. 
2 
2 
The CO -A system scores  high on reliability when compared to 
2 
the H system. The vacuum requirement of the H system, when in the 2 2 
earth 's  atmosphere, makes a more difficult fabrication process. Tem- 
perature control of the sensor i s  reduced to a pressure  control problem 
in the CO -A system, which i s  not difficult down to temperatures of 50°K. 2 
In the case of the H 
flow from the solid H Tem- 
perature  control i s  required in addition because variable heat leaks in 
the system outside the solid container may require variation of the 
division of flow. 
system, it is necessary to divide the effluent gas 
2 
2 
container which requires control valves. 
The hydrogen system has an advantage with regard to accessi-  
bility of the sensor. The detector may be located outside of the refrig- 
erator ,  and does not require insulation when in the earth's atmosphere. 
Accessibility of the sensor in the CO - A  system i s  adequate, since 
penetrations through a vacuum shell a r e  not required. 
2 
The temperature range of the hydrogen system is wider since 
solid hydrogen i s  stored at a temperature of 13. 5°K o r  less.  With p q e r  
temperature control, the sensor may be operated at a very low tempera- 
ture. It should be noted that, at the lower temperatures,  the arrange- 
ment of the refrigerator will change, since it will be impossible to 
make use of the sensible heat of the effluent hydrogen vapor for detector 
cooling. 
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4 
The CO -A system i s  superior from the standpoint of fabrication. 2 
The refrigerator must be of vacuum quality, but can be stored and mounted 
in the space vehicle without the need for vacuum insulation. Vacuum leaks 
in the Argon container would result in loss  of refrigeration capability, 
once the refrigerator is in space. 
The ground equipment required to maintain the refrigerator in 
stand-by condition during launch preparation a r e  minor for the CO -A 
system, Safety hazards 
do not exist. The hydrogen system requires a supply of liquid helium 
with an excellent transfer system. Safety problems a r e  considerable, 
since hydrogen presents potential hazards,particularly since the solid 
hydrogen is maintained below atmospheric p re s  sure. 
hydrogen system i d 1  recpire hydrogen facilities as par t  of the ground 
e quipm ent. 
2 
Only a supply of liquid nitrogen is required. 
Filling of the 
39 
5. 0 Bibliography and References 
1. Geist, J. N. a n d P .  K. Lashmet, Compact Joule-Thomson 
Refrigeration Systems 15 to 60"K, Advances in Cryogenic 
Engineering, Vol. 6, p. 73, K. D. Timmerhaus (ed) Plenum 
P r e s s  Inc. , New York (1960) 
2. Gifford, W. E. and T. E. Hoffman, A New Refrigeration System 
for  4. 2"K, Advances in  Cryogenic Engineering, Vol. 6, p. 82, 
K. D. Timmerhaus (ed) Plenum P r e s s  Inc. , New York (1960) 
3. Zotos, G. A. ,  Space Borne Cryostats for  Continuous Operation, 
Advances in Cryogenic Engineering, Vol. 6, p. 106, K. D. 
Timmerhaus (ed) Plenum Press Inc., New York (1960) 
4. Rauch, C. J.,  A Helium Refrigerator, Advances in  Cryogenic 
Engineering, Vol. 6, p. 345, K. D. Timmerhaus (ed) Plenum 
P r e s s  Inc., New York (1960) 
5. Haettinger, G.C.,  R. P. Skinner, R. A. Trentharn, Design 
Considerations for Cryogenic Liquid Refill Systems for Cooling 
Infrared Detection Cells, Advances in Cryogenic Engineering, 
Vol. 6, p. 354, K. D. Timmerhaus (ed) Plenum Press Inc., 
New York (1960) 
6. Tyler, J. S. and J. A. Potter,  Infrared Detector Refrigerators,  
Advances in Cryogenic Engineering, Vol. 6, p. 363, K. D. 
Timmerhaus (ed) Plenum P r e s s  Inc., New York (1960) 
7. Birmingham, B. W . ,  H. Sixsmith, W. A. Wilson, The Application 
of Gas-Lubricated Bearings to a Miniature Helium Expansion Turbine, 
Advances in Cryogenic Engineering, Vol. 7, p. 30, K. D. 
Timmerhaus (ed) Plenum P r e s s  Inc. , New York (1961) 
8. Bloomfield, G. V . ,  Some Applications of Liquefied Gases in Cooling 
Systems in Aircraft and Missiles, Advances in Cryogenic Engineer- 
ing, Vol. 7, p. 70, K. D. Timmerhaus (ed) Plenum Press Inc., 
New York (1961) 
9. Brennan, J. A . ,  W. A. Wilson, R. Radebaugh, B. W. Birmingham, 
Testing of Ball Bearings with Five Different Separator Materials 
at 9200 rpm in Liquid Nitrogen, Advances in  Cryogenic Engineering, 
Vol. 7, p. 262, K. D. Timmerhaus (ed) Plenum Press Inc. , New 
York (1961) 
40 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
Scott, L. E. ,  D. B. Chelton, J. A. Brennan, Dry Gas Operation 
of Ball Bearings at Cryogenic Temperatures, Advances in 
Cryogenic Engineering, Vol. 7, p. 273, K. D. Timmerhaus (ed) 
Plenum Press Inc., New York (1961) 
Lashmet, P. K. and J. M. Geis t ,  A Closed Cycle Cascade Helium 
Refrigerator, Advances in Cryogenic Engineering, Vol. 8, p. 190, 
K. D. Timmerhaus (ed) Plenum Press Inc., New York (1962) 
Zeitz, K. and B. R. Woolfenden, A Closed Cycle Helium Refrig- 
e ra tor  fo r  2. 5"K, Advances in Cryogenic Engineering, Vol. 8, 
p. 206, K. D. Timmerhaus (ed) Plenum Press Inc., New York 
(1962) 
Hoffman, T. E.,  Reliable Continuous Closed Circuit 4°K Refrig- 
eration for a Maser Application, Advances in Cryogenic Engineer- 
ing, Vol. 8, p. 213, K. D. Timmerhaus (ed) Plenum P r e s s  Inc., 
New York (1962) 
Mann, D. B., H. Sixsmith, W. A. Wilson, B. W. Birmingham, 
A Refrigeration System Incorporating a Low Capacity, High Speed, 
Gas Bearing Supported Expansion Turbine, Advances in  Cryogenic 
Engineering, Vol. 8, p. 221, K. D. Timmerhaus (ed) Plenum 
P r e s s  Inc., New York (1962) 
Dahl, A. I. ,  Effective Heat Sinks in Cryogenic Devices, Advances 
in  Cryogenic Engineering, Vol. 8, p. 544, K. D. Timmerhaus (ed) 
Plenum P r e s s  Inc., New York (1962) 
Seefeldt, F. C . ,  Manufacture, Liquefaction, and Distribution of Dry 
Ice and Liquid Carbon Dioxide, Advances in Cryogenic Engineering, 
Vol. 1, p. 336, K. D. Timmerhaus (ed) Plenum P r e s s  Inc., 
New York (1954) 
Tanza, G. F., Development Program for a Non-Lubricated 10,000 
RPM Bearing Operating over a Temperature Range from 40" R to 
560"R, Advances in Cryogenic Engineering, Vol. 2, p. 145, 
K. D. Timmerhaus (ed) Plenum Press Inc. , New York (1956) 
Kohler, J. W. L., Gas Refrigerating Machines, Advances in  
Cryogenic Engineering, Vol. 2, p. 243, K. D. Timmerhaus (ed) 
Plenum P r e s s  Inc. , New York (1956) 
41 
19. Tracey, J. E.,  A Cryostat f o r  Liquid Nitrogen Cooling of Rocket 
Borne Photo Multiplier Tubes, Advances in Cryogenic Engineering, 
Vol. 3, p. 226, K. D. Timmerhaus (ed) Plenum Press Inc., New 
York (1957) 
2 0. 
21. 
Culbertson, Cryogenic Approach to Localized Cooling of Infrared 
Detectors, Advances in Cryogenic Engineering, Vol. 4, p. 426, 
K. D. Timmerhaus (ed) Plenum P r e s s  Inc. , New York (1958) 
Altoz, F. E. ,  and J. R. Eargle, A Closed Infrared Detector 
Cooling System, Advances in Cryogenic Engineering, Vol. 5, 
p. 317, K. D. Timmerhaus (ed) Plenum Press Inc., New York 
(1959) 
22. Geist, J. M. and P. Lashmet, Miniature Joule-Thomson Refrig- 
eration Systems, Advances in Cryogenic Engineering, Vol. 5, 
p. 324, K. D. Timmerhaus (ed) Plenum P r e s s  Inc., New York 
(1959) 
23. McMahon, H. 0. and W. E. Gifford, A New Low Temperature 
Gas Expansion Cycle, Advances in Cryogenic Engineering, Vol. 5, 
p. 354, K. D. Timmerhaus (ed) Plenum Press Inc., New York 
(1959) 
24. 
2 5. 
Kohler, J. W. L., Refrigeration Below -1OO"C, Advances in 
Cryogenic Engineering, Vol. 5, p. 518, K. D. Timmerhaus (ed) 
Plenum P r e s s  Inc. , New York (1959) 
Weinstein, A. I . ,  A. S. Friedman, U. E. Gross,  Cooling to  
Cryogenic Temperatures by Sublimation, Advances in  Cryogenic 
Engineering, Vol. 9, p. 490, K. D. Timmerhaus (ed) Plenum 
P r e s s  Inc., (1963) 
2 6. 
27. 
Kohler, J. W. L., The Gas Refrigerating Machine, P rogres s  in 
Cryogenics, Vol. 2,  p. 43, K. Mendelssohn (ed) Academic Press, 
Inc., New York (1960) 
Jacobs, J. A. H., Survey of Closed Cycle Helium Temperature 
Refrigerators, The Martin Company, Baltimore. RADC-TDR- 
62-319 May 24, 1962, Rome A i r  Development Center, A i r  Force  
Systems Command, USAF, Griffiss Air Fo rce  Base, New York 
42 
1 
28. 
29. 
3 0. 
21 - -. 
32. 
33. 
34. 
3 5. 
36. 
Gross, U. E. and A. S. Friedman, Investigation of Cryogenic- 
Solid Cooling Techniques, Aerojet-General Corp. , ASD-TDR- 
62- 195, August 1962, Reconnaissance Laboratory, Aeronautical 
System s Division, A i r  Force System s Command, Wright -Patte r son 
A i r  Force  Base, Ohio 
Kirgsman, R.,  Preliminary Design Analysis of a Miniature Non- 
Reciprocating Closed Cycle Cryogenic Cooler, AiResearch 
Manufacturing Company, SSD-TDR- 62- 159, October 1962, Space 
Systems Division, A i r  Force Systems Command, Los Angeles 45, 
California 
Kirgsman, R. ,  Preliminary Design Analysis of a Miniature Non- 
Reciprocating Closed Cycle Cryogenic Cooler, AiResearch 
Manufacturing Company, SSD- TDR- 63- 240, July 1963, Space 
Systems Division, A i r  Force Systems Command, Los Angeles 45, 
California 
Kirgsman, R.,  Design and Development of a Miniature Non- 
Reciprocating Closed Cycle Cryogenic Gooier, AiReaearch 
Manufacturing Company, SSD-TDR-63-71, March 1963, Space 
Systems Division, A i r  Force Systems Command, Los Angeles 45, 
California 
Development of a Miniaturized Refrigerator for Space Applications 
A. D. Little, Inc., SSD-TDR-63-243, Space Systems Division, 
A i r  Force Systems Command, Los Angeles 45, California 
Development of a Miniaturized Refrigerator for Space Applications, 
A. D. Little, Inc., SSD-TDR-63-1, Space Systems Division, Air 
Force  Systems Command, Los Angeles 45, California 
Development of a Miniaturized Refrigerator for  Space Applications, 
A. D. Little, Inc., SSD-TDR-62-178, Space Systems Division, 
A i r  Force  Systems Command, Los Angeles 45, California 
Moore, Raymond W. Jr . ,  Conceptual Design Study of Space Borne 
Liquid Hydrogen Recondensers for 10 and 100 w Capacity, A. D. 
Little, Inc., Report No. 63270-11-02, May 1962, NASA Contract 
NAS5- 664 
Fowle, Arthur A . ,  Estimation of Weight Penalties Associated with 
Alternate Methods for  Storing Cryogenic Propellants i n  Space, 
A. D. Little, Inc., Report No. 63270-11-01, May 1962, NASA 
Contract NAS5- 664 
43 
37. Gross, U. E., Design and Development of a Laboratory Model 
Cryogenic Solid Cooling System, Aerojet-General Corp. , 
ASD-TDR-63-682 , August 1963, Reconnaissance Division, A i r  
Force Avionics Laboratory, Aeronautical Systems Division, 
A i r  Force  Systems Command, Wright-Patterson A i r  Force  Base, 
Ohio 
38. Gaumer, R. E. and A. S. Goldrest, Solid Cryogenic Refrigeration 
of Space Craft  Components , Lockheed Missiles and Space Company, 
P a l o  Alto, California. Presented at annual meeting of Institute of 
Environmental Sciences, Chicago, Illinois, April 1962. 
39. Hall, Clifford N. ,  Cryogenic Space Power Hydrogen Storage and 
Delivery Sub System , Sundstrand Aviation, Denver , American 
Rocket Society, Space Power Systems Conference, Sept. 25-28, 
1962, Santa Monica, California 
. 40. Otani, H., A .Miniature Single Stage Cryogenerator for  Cooling Down 
to 30 Degrees Kelvin, Norelco Reporter, Vol. IX, No. 3, (1962) 
41. Meyer, R. J. , The Philips Hot Gas Engine with Rhombic Drive 
Mechanism, Philips Technical Review, Vol. 20, No. 9, 245-262, 
(1958) 
42. Pras t ,  G. , A Philips Gas Refrigerating Machine for  20"K, 
Cryogenics, Vol. 3, No. 3, p. 156, Pept. 1963) 
1 43. Riede, P. M. and I. J. Wang, Characterist ics and Applications of 
Some Super Insulations, Advances in  Cryogenic Engineering, Vol. 5, 
209, K. D. Timmerhaus (ed) Plenum P r e s s  Inc, New York (1959) 
44. Black, I. A . ,  A. A. Fowler and R. E. Glaser,  Development of 
High-Efficiency Insulation, Advances in  Cryogenic Engineering, 
Vol. 5, 181, K. D. Timmerhaus (ed) Plenum P r e s s  Inc. , New 
York (1959) 
45. Kropschot, R. H . ,  J. E. Schrodt, and B. J. Hunter, Multiple- 
Layer Insulation, Advances in Cryogenic Engineering , Vol. 5, 
189, K. D. Timmerhaus (ed) Plenum Press Inc., New York 
(1959) 
46. Hnilicka, M. P. ,  Engineering Aspects of Heat Transfer  in Multi- 
layer Reflective Insulation and Performance of NRC Insulation, 
Advances in Cryogenic Engineering, Vol. 5, 199, K. D. Timmerhaus 
(ed) Plenum P r e s s  Inc., New York (1959) 
44 
47. 
, 48. 
49. 
50. 
51. 
52. 
53. 
54. 
- 55. 
Stoy, S. T . ,  Cryogenic Insulation Development, Advances in  
Cryogenic Engineering, Vol 5, 216, K. D. Timmerhaus (ed) 
Plenum Press,Inc,  New York (1959) 
Matsch, C. C., Advances in Multilayer Insulation, Advances in  
Cryogenic Engineering, Vol. 7 ,  413, K. D. Timmerhaus (ed) 
Plenum P r e s s  Inc, New York (1961) 
Lindquist, C. R. and L. R. Niendorf, Experimental Performance 
of Model Liquid-Hydrogen Space Tankage with a Compressible 
Superinsulation, Advances in Cryogenic Engineering, Vol. 8, 
398, K. D. Timmerhaus (ed) Plenum P r e s s  Inc., New York (1962) 
Perkins,  P. J. and M. A. Colaluca, Prel iminary Test  Results on 
a Compressed Multilayer Insulation System fo r  a Liquid-Hydrogen- 
Fueled Rocket, Advances i n  Cryogenic Engineering, Vol. 9, 38, 
K. D. Timmerhaus (ed) Plenum P r e s s  Inc. , New York (1963) 
Ziegler,  W. T . ,  J. C. Mullins, and B. S. Kirk, Calculation of 
the Vapor P r e s s u r e  and Heats of Vaporization and Sublimatior: 
of Liquids and Solids. I1 Argon, Engineering Experiment Station, 
Georgia Institute of Technology, Atlanta, Georgia, June 15, 1962. 
Ziegler, W. T.,  J. C. Mullins, and B. S. Kirk, Calculation of the 
Vapor P res su re  and Heats of Vaporization and Sublimation of 
Liquids and Solids CO and C 0 2 ,  Engineering Experiment Station, 
Georgia Institute of Technology, Atlanta, Georgia, August 15, 1963 
Weinstein, A. I. ,  A. S. Friedman, and U. E. Gross, Cooling to 
Cryogenic Temperatures by Sublimation, Advances in Cryogenic 
Engineering, Vol. 9, p. 490, K. D. Timmerhaus (ed) Plenum 
P r e s s  Inc., New York (1963) 
Stewart, R. B. and V. J. Johnson, A Compendium of the Propert ies  
of Materials at Low Temperatures p h a s e  11), National Bureau of 
Standards, WADD Technical Report 60-56, par t  IV, 1961, 
Aeronautical Systems Division, A i r  Force  Systems Command, USAF 
Wright Patterson A i r  Force Base, Ohio 
Arnett, R. W., K. A. Warren, L. 0. Mullen, Optimum Design of 
Liquid Oxygen Containers, National Bure au of Standards, WADC 
Technical Report 59-62, 1961, Aeronautical Systems Division, 
A i r  Force  Systems Command, USAF, Wright-Patterson A i r  Force  
Base, Ohio 
45 

